The alkaline elution technique in combination with various repair endonucleases (Fpg protein, endonuclease III, exonuclease III, T4 endonuclease V) was used to quantify steady-state (background) levels of oxidative base modifications in various types of mammalian cells. In human lymphocytes the number of base modifications sensitive to Fpg protein, which include 8-hydroxyguanine, was 0.25 Ϯ 0.05 per 10 6 base pairs. Even lower levels (0.07 Ϯ 0.02 per 10 6 bp) were observed in HeLa cells. The numbers of sites sensitive to the other repair endonucleases were below the detection limit (0.05 per 10 6 bp). In a direct comparison, the background level of Fpg-sensitive modifications determined by alkaline elution was much lower than the background level of 8-hydroxydesoxyguanosine (8-oxodG) determined after enzymatic DNA hydrolysis by HPLC and electrochemical detection. However, the number of additional Fpg-sensitive modifications induced by a photosensitizer plus light was similar to the additional number of 8-oxodG residues determined by HPLC with electrochemical detection. This indicates that the enzyme assay does not systematically underestimate the number of lesions and points to an artefactual generation of 8-oxodG during DNA isolation and hydrolysis.
Introduction
Reactive oxygen species (ROS*) are generated in cells not only under the influence of xenobiotic agents (peroxides, photosensitizers, many other oxidants), but also under normal growth conditions, e.g. as by-products of oxygen metabolism. Despite efficient cellular defence mechanisms, the ROS give rise to oxidative DNA modifications that can be removed in all cells by several specific and unspecific repair enzymes. The equilibrium between generation and repair is expected to result in steady-state levels of oxidative DNA modifications in the genome. Indeed, the hydrolysis of cellular DNA and subsequent analysis by HPLC with an electrochemical detector (HPLC/ECD) (1), gas chromatography coupled with mass spectrometry (GC/MS) (2) or 32 P-postlabelling (3) techniques revealed relatively high levels of 8-hydroxyguanine (8-oxoG) and other pre-mutagenic oxidative base modifications such as 5-hydroxycytosine (4) . The steady-state levels of 8-oxoG were correlated with potential etiological factors such as autoimmune disease (5) , physical exercise (6) , cigarette smoking (7, 8) , alcohol drinking (9) , malignant phenotype (10) and dietary antioxidants (11) . However, values determined by different techniques and different experimenters for the same cell type varied by more than an order of magnitude (Table I ). An artefactual generation of 8-oxoG from guanine during base derivatization for gas chromatography/mass spectrometry (GC/ MS) analysis has been demonstrated depending on the oxygen amount in the mixture (22) , and several factors that can lead to an overestimation of 8-hydroxydeoxyguanosine (8-oxodG) levels by HPLC/ECD have been identified and discussed (12, 14, (23) (24) (25) .
More recently, repair endonucleases have been used as probes to quantify oxidative DNA modifications. The assays make use of the fact that these enzymes incise the DNA at their substrate modifications, generating DNA single-strand breaks, which can be very sensitively detected by a variety of techniques such as alkaline elution (26) , alkaline unwinding (27) , single-cell gel electrophoresis (comet assay) (28), the relaxation assay (29) and nick translation (21) . In all these assays, the steady-state levels of modifications sensitive to Fpg protein, a repair endonuclease that recognizes 8-oxoG and few other DNA modifications (Table II) , were severalfold lower than the 8-oxoG levels determined by HPLC/ECD in untreated cells (Table I) . However, it is not clear whether the discrepancy is caused by an underestimation of Fpg-sensitive modifications in the enzymic assays (e.g. due to incomplete incision) or an overestimation of 8-oxoG in the HPLC/ ECD analysis.
Here we describe a direct comparison of the quantifications by HPLC/ECD and by alkaline elution in combination with repair endonucleases and summarize our evidence that the low levels of Fpg-sensitive modifications detected in the DNA of various mammalian cells indeed represent an upper limit for the level of 8-oxoG.
Materials and methods

Cells, repair endonucleases and chemicals
Human lymphocytes were isolated from blood of healthy donors (collected in EDTA-containing syringes) by centrifugation with Histopaque-1077 separation medium (Sigma, Deisenhofen, Germany). In some cases, lymphocytes were kept for 24 h in RPMI 1640 medium with 17% fetal calf serum. AS52 Chinese hamster ovary cells, which carry the bacterial gpt gene for analysis of mutations (38) , were obtained from W.J.Caspary, Research Triangle Park, USA, and cultured in HamЈs F12 medium with 5% fetal calf serum. L1210 mouse leukaemia cells (Flow Laboratories, Meckenheim, Germany) were cultured in RPMI 1640 medium with 10% fetal calf serum. HeLa cells and LLC-PK 1 cells from pig kidney (ATCC #CRL-1392) were cultured in DulbeccoЈs modified EagleЈs medium (DMEM) containing 4.5 g/l glucose and 10% fetal calf serum. HaCaT cells (spontaneously immortalized human keratinocytes; reference 39), obtained from N.E.Fusenig, Heidelberg, Germany, were cultured in DMEM medium with 10% fetal calf serum. All culture media were supplemented with penicillin (100 units/ml) and streptomycin (100 µg/ml). DNA from bacteriophage PM2 (PM2 DNA) was prepared according to the method of Salditt et al. (40) .
Formamidopyrimidine-DNA glycosylase (Fpg protein; reference 41) and endonuclease III from Escherichia coli were kindly provided by S.Boiteux, Fonteney aux Roses, France. T4 endonuclease V was partially purified by the method described by Nakabeppu et al. (42) from the E.coli strain A 32480 
Treatment of cells with Ro19-8022 plus light
The exposure of cells to Ro19-8022 plus visible light from a 1000-W halogen lamp at 47 cm distance was carried out in phosphate buffered saline with glucose (PBSG) (140 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , 1 mM CaCl 2 , 0.5 mM MgCl 2 , 0.1% glucose, pH 7.4) on ice (10 6 cells/ml). The cells were pelleted by centrifugation and resuspended in PBSG three times before being subjected to damage analysis.
Quantification of endonuclease-sensitive modifications by alkaline elution
The alkaline elution assay originally described by Kohn et al. (44) was carried out as described previously (26, 45) . Briefly, 10 6 cells were lysed on a polycarbonate filter (2 µm pore size) by pumping a lysis solution (100 mM glycine, 20 mM Na 2 EDTA, 2% SDS, 500 mg/l proteinase K, pH 10.0) through the filter for 90 min at 25°C. After extensive washing, the DNA remaining on the filter was incubated with one of the repair endonucleases [Fpg protein (1 µg/ml if not stated otherwise), endonuclease III (10 ng/ml), T4 endonuclease V (30 ng/ml) or exonuclease III (0.5 µg/ml)] for 30 min at 37°C. To quantify DNA single-strand breaks, the incubation was carried out without endonuclease. Subsequently, the DNA was eluted with an alkaline solution at 25°C and its elution rate determined. The slopes of elution curves obtained with γ-irradiated cells were used for calibration, assuming that 6 Gy induce one single-strand break per 10 6 bp (44). The numbers of modifications incised by the repair endonucleases were obtained by subtraction of the number of single-strand breaks observed without endonuclease treatment.
To decrease the sensitivity of the assay and allow the quantification of higher levels of damage, the elution rate was increased from 2.3 ml/h to 31 ml/h in some experiments (rapid elution).
Quantification of 8-oxodG by HPLC/ECD
To isolate DNA from mammalian cells for analysis by HPLC/ECD, five polycarbonate membrane filters (25 mm diameter, 2 µm pore size, Costar, Bodenheim, Germany) were fixed in filter holders (Swinnex, Millipore Corp., Eschborn, Germany) and loaded with 4ϫ10 6 cells each (1ϫ10 6 cells/ml). Cell lysis was carried out as in the alkaline elution assay. The DNA remaining on the filters was washed extensively with phosphate buffer and finally with water. The DNA-covered filters were withdrawn from the filter holders, cut into pieces and shaken for 2 h at room temperature in 7.5 ml water and 0.5 ml Tris-Mg buffer (40 mM Tris, 10 mM MgCl 2 , pH 8.5). The volume of the DNA solution was reduced to 0.5 ml by vacuum centrifugation. For enzymatic hydrolysis, DNA samples (50 µg in 200 µl Tris-Mg buffer) were incubated with DNase I (10 U/50 µg DNA), spleen exonuclease (0.0005 U/50 µg DNA), snake venom exonuclease (0.025 U/50 µg DNA) and alkaline phosphatase (0.5 U/50 µg DNA) for 2 h at 37°C (46) . Shorter incubation times (30 min-2 h) had no influence on the yield of 8-oxodG (see below), indicating complete hydrolysis. Subsequently, the nucleosides were analysed by HPLC as follows.
HPLC analysis was performed with a Nucleosil 100-5 C18 250/4 column (Macherey-Nagel, Düren, Germany), a Bischoff HPLC pump model 2250 (Bischoff, Leonberg, Germany), a Rheodyne injector model 7125 (Supelco, Deisenhofen, Germany), a Kontron UV spectrophotometer Uvicon 730 LC (Kontron, Zürich, Switzerland) operated at 290 nm and an ESA Coulochem II (Bischoff, Leonberg, Germany) coulometric electrochemical detector equipped with an analytical cell model 5011 at 0.3 V and 2 nA. Pre-oxidation was carried out at 0.1 V. Signals from both detectors were recorded and analysed on an Apple Macintosh computer using a PowerChrom interface and PowerChrom software (ADInstruments, Castle Hill, Australia). The mobile phase consisted of 50 mM phosphate buffer (pH 5.5) containing 10% v/v methanol. Flow rate was 1 ml/min. The amount of deoxycytidine (determined by means of the UV detector) was used as internal reference for the amount of DNA hydrolysed.
Damage analysis in PM2 DNA
The exposure of PM2 DNA (10 µg/ml) to Ro19-8022 (50 µM) and visible light (112.5 kJ/m 2 ) from a 1000-W halogen lamp was carried out in phosphate buffer (5 mM KH 2 PO 4 , 50 mM NaCl, pH 7.4) on ice for 5 min at 33 cm distance. The DNA was precipitated by ethanol/sodium acetate and redissolved in Tris-Mg buffer for damage analysis by HPLC/ECD as described above or in BE 1 buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA) for the quantification of endonuclease-sensitive modifications by a relaxation assay as described previously (26, 43) .
Results
Steady-state levels of Fpg-sensitive modifications in various types of cells are relatively low and differ from each other
The alkaline elution technique was used to quantify DNA modifications sensitive to Fpg protein in primary human lymphocytes and various types of cultured cells (Figure 1 ). Values observed in primary human lymphocytes (0.24 Ϯ 0.05 modifications per 10 6 bp) were significantly higher than those To verify that the recognition by Fpg protein of substrate modifications is saturated under the assay conditions used, AS52 cells were treated with the polar photosensitizer Ro19-8022 to induce 8-hydroxyguanine (see below). Subsequently, the dependence of the number of modifications recognized on the Fpg protein concentration was determined. The results (Figure 2 ) indicate that the recognition by Fpg protein was saturated at 1 µg/ml, i.e. at the enzyme concentration used for the analysis of the steady-state levels. A similar saturation curve has been reported previously for the oxidative base modifications induced by visible light alone (47) .
Fpg protein recognizes significant numbers of modifications in untreated cells, but other repair endonucleases do not
The alkaline elution technique was also used to quantify DNA modifications sensitive to various other repair endonucleases (Table II) in untreated L1210 cells. The data obtained ( Figure  3 ) indicate that the numbers of sites sensitive to endonuclease III, exonuclease III and T4 endonuclease V were below the detection limit (~0.05/10 6 bp).
Under the assay conditions used, exonuclease III, T4 endonuclease V and endonuclease III detected the same number of modifications in L1210 cells treated for 30 min at 37°C with 100 µM methyl methanesulfonate (MMS), an alkylating agent that generates sites of base loss (AP sites), which are established substrates for all three repair endonucleases (data not shown).
Analysis by HPLC/ECD yields higher steady-state levels, but not higher numbers of induced modifications than the analysis by alkaline elution
The detection of Fpg-sensitive modifications by alkaline elution was compared with the determination of 8-oxodG by means of HPLC/ECD. For the assay, DNA from cultured cells was isolated by the same procedure as used in the alkaline elution analysis, i.e. on membrane filters, and subsequently hydrolysed enzymatically. The results are summarized in Table III . The amount of 8-oxodG per 10 6 bp detected by HPLC/ECD was similar in L1210, HeLa and AS52 cells and 30-to 100-fold higher than the number of Fpg-sensitive modifications detected by alkaline elution. Thus, the 8-oxodG levels determined by the HPLC/ECD technique were as high as those measured previously by other groups in various types of mammalian cells (see Table I ).
When the cellular DNA was hydrolysed and analysed by HPLC/ECD after the incubation with Fpg protein on the alkaline elution filter, slightly (statistically not significantly) lower amounts of 8-oxodG were observed than without Fpg ( 2) a Means Ϯ SD, the numbers of independent experiments are given in parentheses. b Determined after incubation with Fpg protein on the alkaline elution filter.
protein incubation (Table III) . However, these residual amounts were still Ͼ20-fold higher than the steady-state level of Fpgsensitive modifications in these cells, i.e. than the number of incisions by Fpg protein on the filter (Table III) . Both the HPLC/ECD assay and the alkaline elution assay with Fpg protein were also tested for their ability to quantify the additional numbers of DNA modifications induced by treatment of the cells with the photosensitizer Ro19-8022 plus light. Because of the lower sensitivity of the HPLC/ECD assay (Figure 4 ), 10-fold higher doses of Ro19-8022 plus light had to be applied for the quantification of 8-oxodG by HPLC/ECD than for the quantification of Fpg-sensitive modifications by alkaline elution. However, the photosensitizer-induced damage increased linearly with dose in both assay systems and therefore probably in the whole dose range applied (Table IV) . The results (Table IV) indicate that the number of photosensitizerinduced Fpg-sensitive modifications per dose unit was very similar to the induced amount of 8-oxodG per dose unit determined by HPLC/ECD after DNA hydrolysis. Analysis by exonuclease III and alkaline elution indicates that the cellular damage caused by Ro19-8022 plus light consisted of only a few sites of base loss (data not shown). The induced Fpgsensitive modifications were therefore mostly base modifications, which, in theory, can be 8-oxoG, formamidopyrimidines or other (unknown) base modifications (Table II) . To determine what percentage of the Fpg-sensitive modifications induced by Ro19-8022 plus light are 8-oxoG residues, the damage induced by the photosensitizer in bacteriophage PM2 DNA under cellfree conditions was analysed by repair endonucleases by means of a relaxation assay and, in parallel, by HPLC/ECD after DNA hydrolysis. The amount of 8-oxodG in the damaged PM2 DNA detected by HPLC/ECD after enzymic hydrolysis was equivalent to 74 Ϯ 10% of the Fpg-sensitive base modifications, indicating that most of the Fpg-sensitive modifications induced by Ro19-8022 actually are 8-oxoG residues. Therefore, the data in Tables III and IV demonstrate that HPLC/ECD and alkaline elution with Fpg protein gave conflicting results only for the background (steady-state) levels of 8-oxoG in the cells, but gave the same results when additionally induced modifications were quantified.
The DNA of photosensitizer-treated cells was also analysed by HPLC/ECD after the incubation with Fpg protein on the filter. In this case, only 10-20% of the lesions detected without Fpg incubation were observed (Table IV) . This demonstrates that most of the induced 8-oxoG residues in the cellular DNA are accessible to Fpg protein on the alkaline elution filter and indeed removed by the enzyme. The residual amounts of 8-oxodG detected after the incubation with Fpg protein were only slightly (less than twofold) higher than the background values observed by HPLC/ECD in untreated AS52 cells (Table III) .
Discussion
The results demonstrate that repair endonucleases in combination with the alkaline elution technique can be used to quantify (groups of) oxidative base modifications in cellular DNA with very high sensitivity. In a direct comparison, the steady-state levels of base modifications recognized by Fpg protein, which include 8-oxoG, were much lower than the levels of 8-oxodG determined by means of HPLC/ECD after enzymic hydrolysis of the cellular DNA (Table III) . The following findings indicate that this discrepancy is not caused by an underestimation of endonuclease-sensitive modifications in the enzymic assay:
(i) For the number of additional modifications induced by photosensitization, the enzymic determination of Fpgsensitive sites yielded values similar to those obtained in the HPLC/ECD analysis of 8-oxodG (Table IV) . This excludes the possibility that only a fraction of the modifications in the cellular DNA are subject to incision by the repair endonuclease. (ii) HPLC/ECD analysis confirms that most of the induced 8-oxodG residues are removed by Fpg protein under the assay conditions (Table IV) . (iii) Other assays based on Fpg protein, namely the alkaline unwinding assay, the comet assay and a nick translation assay, revealed low steady-state levels for various cells similar to those described here (Table I) . (iv) When pyrimidine dimers induced by UV were quantified by means of T4 endonuclease V or Micrococcus UV endonuclease, the alkaline elution technique (47, 48) , the alkaline unwinding assay (49) and the comet assay (50) all yielded numbers of modifications per dose unit that were similar to those observed by other techniques, e.g. radiochromatographically in CHO cells (51) or by a relaxation assay in cell-free DNA (52) . There is no reason to assume that the access of Fpg protein to 8-oxoG residues is less complete than the access of T4 endonuclease V to pyrimidine dimers under conditions where the enzyme concentrations, according to the saturation curves ( Figure  2 ), are not rate limiting.
Therefore, the most direct explanation for the big discrepancy between the background levels determined by HPLC/ECD and the enzymic assays (Table III) is that most of the background modifications detected by HPLC/ECD are generated by oxidation during DNA isolation and hydrolysis, in accordance with previous observations (14) . (An artefactual generation during DNA isolation does not affect the number of induced modifications shown in Table IV , which are obtained by subtraction of the background values.) In the experiments described here, the removal of the isolated cellular DNA from alkaline elution filters and/or the subsequent enzymatic hydrolysis seems to be associated with DNA oxidation, since the background number of 8-oxoG residues detected by HPLC/ECD was only slightly reduced when the DNA was pre-treated with Fpg protein (Table III) , although this enzyme treatment apparently removes 80-90% of the 8-oxoG residues (Table IV) .
A potential problem in the determination of oxidative DNA damage by Fpg protein and other repair endonucleases arises from the lack of substrate specificity of the enzymes (Table  II) . Sites of base loss (AP sites), which are recognized by all repair endonucleases, can be quantified by enzymes specific for these sites, e.g. exonuclease III and endonuclease IV, and thus can be subtracted (see Figure 3) . Formamidopyrimidines (imidazole ring-opened purines), which are well-established substrates of Fpg protein, have been detected in DNA from cultured mammalian cells (2, 17) . The recognition of 5-hydroxycytosine and 5-hydroxyuracil by Fpg protein and endonuclease III has been reported (53) . However, this could not be verified in a recent study (35) . Nevertheless, the recognition of other (unknown) substrates by Fpg protein cannot be excluded, i.e. the numbers of Fpg-sensitive modifications must be seen as upper limits for the numbers of 8-oxoG residues in DNA.
Our data indicate that the steady-state levels of base modifications sensitive to Fpg protein are higher in human lymphocytes than in two permanent human cell lines (HeLa cells and HaCaT cells), while the levels in the rodent cell lines (AS52 and L1210) are similar to those in the human lymphocytes (Figure 1 ). Whether the differences between the cell types are caused by differences in the amount of reactive oxygen species generated in the antioxidant defence or in the DNA repair capacities remains to be established. Interestingly, the particularly low level of Fpg-sensitive modifications observed in HeLa cells was associated with a twofold higher level of glutathione than in AS52 cells (data not shown). The steadystate levels in human lymphocytes did not change significantly when kept in culture medium for 24 h, i.e. there was no apparent adaptation to the conditions outside the body.
The question arises as to whether even the low cellular steady-state levels of 8-oxoG determined by Fpg protein are also partly due to artefactual oxidation. That this is not the case is suggested by the large differences observed between some of the cell types analysed (Figure 1) . However, the possibility cannot be completely excluded that the extent of artefactual oxidation may also depend on the cell type.
The pre-mutagenic potential of 8-oxoG has been well established (54) (55) (56) . The spontaneous mutation rate is increased 1000-fold in bacteria that are deficient in the specific base excision repair of 8-oxoG (57) . A pronounced spontaneous mutator phenotype has recently also been demonstrated for a yeast mutant deficient in the OGG1 gene, which encodes a 8-oxoG glycosylase (58) . Assuming a mutation frequency of 1% at 8-oxoG residues (55), a steady-state level of 0.1 site / 10 6 bp would result in 10 -9 mutations/bp/generation. This is still close to the overall spontaneous mutation rate estimated for mammalian cells. There is no doubt that a reliable quantification of the steady-state levels of oxidative DNA modifica-tions would provide more insight into the role of oxidative DNA damage as a causal or ancillary risk factor in carcinogenesis and other age-correlated diseases.
